Nano Ag-enhanced energy conversion efficiency (ECE) in one standard commercial pc-Si solar cell utilizing the forward scattering by Ag nanoparticles on surface has been researched experimentally and simulatively in this paper. Directly assembling Ag nanoparticles (with size about 100 nm) on the surface, it is found when the particle surface coverage is 10%, the ECE and the short circuit current density are increased by 2.8% and 1.4%, respectively. Without changing any existing structure of the ready-made solar cell, this facile and efficient method has huger applications than other methods. Crystalline silicon solar cells always occupy the dominant position in photovoltaic market during the past decade, therein poly-crystalline silicon (pc-Si) solar cell is the most popular and wide-used product due to its low cost in contrast with single-crystalline silicon (sc-Si) solar cell and high energy conversion efficiency (ECE) compared with amorphous silicon (a-Si) solar cell.
1,2 Surface texturing (ST) and antireflection coating (ARC) are the common methods used in producing pc-Si solar cell, which can significantly increase the effective absorption of the incident lights. [1] [2] [3] Nevertheless, the ECE of pc-Si solar cell is still lower than that of sc-Si solar cell, which impels researchers realize the importance of exploring new methods to further improve the lights absorption of pc-Si solar cell. A promising way to achieve this goal is taking use of the forward scattering of the plasmonic effect excited by metal nanoparticles (Au, Ag, Al, etc.), [4] [5] [6] [7] [8] [9] [10] [11] where Ag nanoparticles are widely used due to its relative low price in contrast with Au and well controllability in synthesis compared with Al. 5, 9, [12] [13] [14] Incident lights will scatter preferentially into the larger-permittivity dielectric when Ag nanoparticles are put on the interface between two dielectrics, resulting in an angular spread which can induce an increase of optical path length. 4, 15 Based on this principle, various Ag-enhanced Si solar cells have been studied by researchers, including thin sc-Si solar cell, bulk sc-Si solar cell, thin a-Si solar cell, and thin pc-Si solar cell. 5, [16] [17] [18] [19] [20] But, most of the above solar cells are planar structures with or without ARC, where ST is often ignored. Taking Ag as a scattering particles and combining with ARC and ST all together will adequately utilize these three lighttrapping effects and consequently increase the ECE of Si solar cells, Fahr's group 21 had reported a similar structure in tandem Si solar cells which showed a great enhancement of current densities from 11.67 mA/cm 2 to 14.48 mA/cm In this paper, Ag nanoparticles are placed randomly on the surface of one commercial pc-Si solar cell (2 cm Â 2 cm Â 180 lm, Suiying Solar Technology Co., Shanghai, China), which is excellently textured and coated with about 75 nm SiN x ARC. Three surface coverages (SC) (5%, 10%, and 20%) of Ag nanoparticles were tried in our test, and different increases of ECE and short circuit current density (J sc ) were observed. When the SC was 10% and the size of Ag nanoparticles was about 100 nm, best result was obtained: J sc increased from 32.00 mA/cm 2 to 32.45 mA/cm 2 and ECE increased from 14.00% to 14.39%, which were enhanced by 1.4% and 2.8%, respectively. The present manufacture technology of commercial pc-Si solar cell is full-fledged, the ECE is steady and harder to increase, so this improvement is undoubtedly very exciting. Because the enhancements are obtained on ready-made commercial pc-Si solar cells which are widely available in markets, this simple process has huger applications compared with other methods. Relevant numerical simulations by finite difference time domain (FDTD) method, which provide a good understanding of the experimental results, are also presented in this paper. Figure 1 shows the schematic of forward scattering by Ag nanoparticles on the surfaces of the commercial pc-Si solar cells.
Ag nanoparticles were synthesized by a modified method reported by Silvert et al., 22 where 0.05 g silver nitrate (AgNO 3 , 99.8%, AR), 0.18 g polyvinylpyrrolidone (PVP, M w ¼ 55 000), and 20 ml ethylene glycol (C 2 H 6 O 2 , 99.0%, AR) were mixed uniformly and heated at 130 C for 1 h. Then these Ag nanoparticles were washed with absolute ethyl alcohol (EtOH, 95%, AR) for several times and dispersed in the EtOH for further use. The nanoparticles synthesized by this method were size-consistent with particle diameter about 100 nm. The inset in Figure 2 The solution of Ag nanoparticles was dropped on the surface of pc-Si solar cell directly, after the EtOH evaporating thoroughly the solution was dropped again, then same process was repeated several times. By controlling the drop times, surfaces with three SC (5%, 10%, and 20%) of Ag nanoparticles were obtained. Table I , where the three parameters are increased by 1.4%, 2.8%, and 1.2%, respectively, in contrast with the primal pc-Si solar cell when the SC ¼ 10%. These enhancements are mainly due to the forward scattering of Ag nanoparticles, which effectively increases the optical path length of the incident lights then improves the lights absorption combining with the ST and ARC together and finally turns into excess photo-generated carriers. For low SC (5%) the improvement is not so obvious, because there are not sufficient Ag nanoparticles to provide adequate lights absorption. But, for high SC (20%), too many Ag nanoparticles on the surfaces will hinder the lights to enter into the pc-Si and decrease the absorption of the incident lights.
For better understanding the forward scattering effect and experimental results above, the transmittance, electric field distribution, and absorption profiles of pc-Si solar cells were simulated, using the software FDTD Solutions, 23 where planar pc-Si solar cells with 75 nm Si 3 N 4 ARC and different Ag SC were adopted. As shown in Figure 4 (a), perfectly matched layer boundary conditions were used in z-direction and periodic boundary conditions were used in x/y-direction. Setting the diameter of Ag nanoparticles to 100 nm and different SC can be obtained by changing the intervals between two particles. Figure 4 (b) shows the simulated transmittance of the planar pc-Si solar cells (T sim (k)) with different Ag SC. When Ag nanoparticles are put on the surfaces of the solar cells, the transmittance enhancement and suppression occurs at wavelength above and below 680 nm (SC ¼ 10%, different SC slightly shifts), respectively. As we inferred previously, we consider that these enhancements come from the forward scattering effect of Ag nanoparticles. 10%) shows an obvious angular distribution in contrast with that of pc-Si/ ARC, which is one characteristic of the forward scattering effect just as we mentioned in the introduction previously. Therefore, combining with the results of (a) and (b), it is reasonable to believe that the enhancement is caused by the forward scattering of Ag nanoparticles. Here k ¼ 729 nm was chosen on consideration of its higher transmittance compared with other lights above 680 nm, which can better show the differences of electric field distribution and absorption profiles between pc-Si/ARC and pc-Si/ARC/Ag (SC ¼ 10%). What is more, the transmittance suppression below 680 nm is caused by the Fabry-Perot oscillation, which slightly shifts to longer wavelength when nanoparticles are deposited.
Assuming that all electron-hole pairs contribute to photocurrent, the J sc can be calculated by 
where e is the electron charge, h is Plank's constant, c is the speed of light in the free space, k is the wavelength, QE(k) is the quantum efficiency at the wavelength k and I AM1.5 (k) is the solar spectrum intensity (Air Mass 1.5). QE(k) is defined by
QEðkÞ ¼ P abs ðkÞ P in ðkÞ ;
where P in (k) and P abs (k) is the power of the incident light and absorbed light within the solar cell. Because the actual thickness of the pc-Si solar cell is about 180 lm, sufficient for all lights into pc-Si being absorbed, Eq. (3) is equal to T sim (k). The simulated J sc is shown in the table inserted in Figure 4 (b ). After all, the simulations are perfectly ideal, and in view of various losses in our practical situation this 0.8 mA/cm 2 increase is acceptable.
In conclusion, Ag-enhanced ECE in standard commercial pc-Si solar cells was researched by us both on experiments and numerical simulations. By dropping Ag solutions on surfaces of commercial pc-Si solar cells, the best result was obtained when Ag SC ¼ 10% with an increase of ECE by 2.8%. On consideration of the handleability of this technique, our experiment provides a useful method for photovoltaic industry.
